A verification test suite has been assessed with primary focus on low reynolds number flow of liquid metals. Thid is representative of the interface between the armature and rail in gun applications. The computational multiphysics framework, ALE3D, is used. The main objective of the current study is to provide guidance and gain confidence in the results obtained with ALE3D. A verification test suite based on 2-D cases is proposed and includes the lid-driven cavity and the Couette flow are investigated. The hydro and thermal fields are assumed to be steady and laminar in nature. Results are compared with analytical solutions and previously published data. Mesh resolution studies are performed along with various models for the equation of state.
Introduction
Our primary focus in the present study is to verify the multiphysics hydrodynamics code, ALE3D, for fluid and thermal flow problems relevant to rail-gun based applications. First, we define the following two terms:
• Verification: "the process of demonstrating on the basis of evidence that the underlying mathematical equations are solved correctly for the intended application"
• Validation: "the process of demonstrating on the basis of evidence that the underlying mathematical equations are correct for the intended application" [7] .
More formal definitions are discussed in Oberkampf & Trucano [5] and Oberkampf, Trucano & Hirsch [6] . The rail gun application is a complex multiphysics system with mass transformation, phase change, energy release, deformations, to name a few. The canonical railgun consists of a pair of straight metal rails held fixed by a an insulating containment superstructure, and a metal armature that slides between the two rails. The contact force is large, the velocities are high, and there is evidence that a thin layer of melted aluminum quickly forms in the interface. Hence understanding this metal-liquid-matel interface is important to railgun designers. For this particular Verfication Test Suite (VERTS), several test cases have been identified where hydrodynamics and thermal phenomena occur similar to those observed in rail gun systems. These cases include the 2-D steady laminar lid-driven cavity and the 2-D steady laminar Couette flow with thermal effects. Currently, the flow complexity is kept to only include laminar flow (low Reynolds number) and steady-state behavior. Effects of turbulence and flow unsteadiness will be more relevant in a validation study, i.e. experimental data is required. In this VERTS we intentionally neglect electromagnetic effects, this will be the subject of follow-on VERTS.
The present report is organized as follows. Section 2 presents the governing equations along with the mathematical formulation. Section 3 describes the results for the 2-D lid-driven cavity in steady-state mode for a variety of liquids including air and melted metals. The results for the 2-D Couette flow with and without thermal transport are discussed in Section 4. Conclusions and summary are outlined in Section 5.
Governing Equations & Mathematical Formulation
ALE3D is a three-dimensional (3-D) magneto-thermal-hydrodynamics (MHD) simulation software using an arbitrary Lagrangian-Eulerian (ALE) approach. It has been developed at LLNL over the past 30 years and is currently used for a variety of applications including thermal explosions, weapon penetration, thermal cook-offs and void collapse, to name a few. The governing equations consist of conservation of mass, momentum and energy, written as follows:
where ρ, u and represent the density, velocity vector and internal energy, respectively. T corresponds to the total stress tensor and is separated into its two irreducible components:
where p is the isotropic pressure defined as p = − 1 3 T r(T) and S ij are the stress deviators. E T ot,ij = 1 2 ∂u i ∂x j + ∂u j ∂x i represents the total strain rate tensor and the Lagrange time derivative,
In MHD applications, B and E represent the magnetic and electric vector fields. Further, for the current cases considered, the Navier-Stokes equations are invoked; hence the viscous stresses and viscous dissipation terms are included in the conservation of momentum and energy.
The governing equations are discretized using a hybrid finite-element/ finite-volume method (FEM/FVM) approach and are solved in a weak form. The multiphysics software, ALE3D, is used to performed these simulations. Typically, the node coordinates and velocities are node-centered variables; while the density, pressure, internal energy, temperature, etc are zone-centered quantities. A zone is a cell or element on a discretized mesh. Proper basis functions are defined based on tri-linear (bi-linear for 2-D) and piecewise constant. The time-integration scheme is based on a leap-frog method. Further details are available in ALE3D User's manual [1] . A variety of equations of state (EOS) are currently available in ALE3D including the γ-law for ideal gases, Grüneisen strength models, and tabulated EOS (e.g. LEOS, SESAME).
Verification Test Case for Hydro Applications: 2-D Steady Laminar Flow for Lid-Driven Cavity
The first test case considered for VERTS pertaining to rail gun applications is the 2-D steady lid-driven cavity. The geometry consists of a square cavity where its top wall is being moved at a constant velocity while the remaining walls are held fixed. The problem considered is a canonical case to verify computational codes. A vast body of literature spanning over 20 years is available for detailed comparison. These studies include the work of Ghia et al. [4] , Deng et al. [3] , and Botella & Peyret [2] , to name a few.
In this section, working liquids with disparate strength models are considered and include air and melted metals such as aluminum and copper. A mesh resolution analysis is also performed. The study is performed for several Reynolds numbers, 100 and 1000. The Reynolds number is defined as Re = ρU top L µ , where ρ refers to the fluid density, U top represents the velocity of the top wall, and L corresponds to the cavity length and height; while µ is defined as the kinematic viscosity. At the Reynolds number considered, the flow remains 2-D, laminar and steady. The governing equations in ALE3D are integrated in time to reach a quasi-steady state. We will present our approach on how to achieve a quasi-steady state in the context of an unsteady solver. 3.1 Air with γ-Law: Re = 100
Most published studies are based on an incompressible fluid assumption (where the mach number is much less than 1, M a << 1) at various Reynolds numbers. Since the MHD capability is currently active with the explicit compressible hydro component of ALE3D, verification of the compressible hydro component is performed. As an initial step to mimick incompressible liquids with no strength, air is considered an ideal gas with γ = 1.4.
The Reynolds number is defined as Re = ρ Air U top L µ , where ρ Air refers to air density, U top represents the velocity of the top wall, and L corresponds to the cavity length and height; while µ is defined as the kinematic viscosity. Further, to properly compare with published studies performed on incompressible flows, the compressibility effect has to kept low. In all the cases studied, a Mach number was at a value of ∼ 5.0 × 10 −3 . The problem configuration consists of a square cavity with length of L = 1 cm. The flow properties are ρ = 10 −3 g/cm 3 and µ = 10 −8 g/cm/µs. For a specified Reynolds number (Re), a top-wall velocity, U top , is calculated. The spatial and velocity scales are based on L and U top . Simulations are performed for several mesh resolutions consisting of 32 × 32, 64 × 64, 128× 128 and 256 × 256 cells. In this section, computations with Re = 100 are considered. All results presented have been nondimensionalized appropriately by the cavity length and the top wall velocity. ALE3D integrates the governing equations using an explicit time integration approach. To insure that the flow field reached a quasi-steady state, the time evolution of a representative global quantity is monitored. The normalized kinetic energy, defined as ke norm = (u
top , is selected and its time variation is shown in Fig. 1 . It is clearly seen that the flow has reached a quasi-steady state where the values reach a plateau and change within 10 −6 for the various mesh sizes after t = 10000 µs. Once the flow achieves a quasi-steady state, several flow features are extracted. The distributions of the u (v)-velocity along the vertical (horizontal) centerline are shown in Fig. 2 (a) and (b) for the 4 meshes considered. Also plotted are the results obtained by Ghia et al. [4] . It is seen that the agreement with the published results is qualitatively quite good. We will present below more quantitative analysis at select locations.. To showcase the results in a comprehensive manner, Tables 2 and 3 summarize the (x, y)-location of the primary vortex and the extrema of the velocity (along with their corresponding locations), respectively. Results from various published studies are also included. Ghia et al. [4] developed a second-order finite-difference method based on the vorticity-streamfunction formulation; while Deng et al. [3] ran computations using a finite-volume approach. Botella & Peyret [2] performed simulations a spectal method with a polynomial of degree up to N = 96. Hence, Botella & Peyret [2] provided results with the most accurate approach for this verification case. The location of the primary vortex compares well with the data obtained by Ghia et al. [4] . For the extrema results, it is seen that at the highest resolution considered of 256 × 256, the current error in the minimum u-velocity is computed to be 0.03 percent; while the error in the minimum (maximum) v-velocity is found to be 7.3 × 10 −3 (0.055) percent. These errors are computed by considering the current ALE3D results and those obtained with the spectral method [2] using a polynomial of degree N = 96. It should be noted that to compute these errors, the results on the various meshes have to achieve a criterion for convergence. Hence, the integrated quantity provides guidance on the quasi-steady state and its change between two instances should not be larger than 10 −6 . Once the simulations satisfy these criteria, the converged solution is compared to those obtained by published results.
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Grid (x, y) The locations of the lower left and right secondary vortices are presented in Table 6 and are compared with those obtained by [4] and [2] . It is seen that ALE3D captures quite well the small-scale features of the flow. 1.0000 1.00000 1.0000000 1.0000000 1.0000000 Table 7 : Distribution of the u-velocity through the vertical centerline of the cavity (x = 1/2) at Re = 1000 provided at locations given in [4] . 
Melted Metals with LEOS: Re = 1000
Here, the 2-D lid-driven cavity will be considered with working liquid as melted metals, including aluminum and copper, instead of air. Although no proper comparison is currently available in the literature for these types of liquids, we will perform a similar analysis to that conducted for air. The objective is to gain further confidence in the results obtained with ALE3D when using different strength and material models. Computations for the 2-D lid-driven cavity at Re = 1000 will be pursued. A key issue encountered at problem sett-up is to maintain similarity of two non-dimensional variables. These parameters are Reynolds number (representing the ratio of advection to viscous effects) and Mach number (corresponding to compressiblity effects); mathematically this means:
A constant Mach number with a value of 0.0448091 is selected with Re = 1000. Hence, the length of the cavity is modified (typically decreases) compared to the case with air; further, the top wall velocity is changed accordingly. Table 9 shows the values for the cavity height and the top-wall velocity considered for the cases with melted metals. These values corresponds to a configuration with air at similar Re and Ma. The 2-D lid-driven cavity for air has a length of h Air = 0.1 cm and a top-wall velocity U top,Air = 0.00148333 cm/µs. The values in the LEOS Table 9 : Simulation matrix considered for the 2-D lid-driven cavity using melted metals. Table 10 summarizes the various test cases for the melted metals. Iinitially, the computations are compared with melted Aluminum (Al) and Copper (Cu) using a simple EOS. Figs. 5(a) & (b) show the distribution of the u and v-velocity along the vertical (x = 1/2) and horizontal (y = 1/2) centerlines for a mesh of 128 × 128 cells. Also plotted are the results obtained by Ghia et al. [4] and Botella & Peyret [2] .It is seen that the results are similar for both metals. Hence, we will only consider in this study the simulations obtained with melted Aluminum. For the results discussed below, the EOS is based on an LEOS table look-up available in ALE3D. Tables 11 and 12 summarize the (x, y)-location of the primary vortex and the extrema of the velocity (along with their corresponding locations), respectively. Results obtained by Ghia et al. [4] and Botella & Peyret [2] are also provided. The locations of the lower left and right secondary vortices are shown in Table 13 . The results are compared with those obtained by [4] and [2] . It seen that ALE3D captures quite well the small-scale features of the flow. Hence, these tabulated values are provided for future VERTS analysis. Figs. 6(a) & (b) show the distributions of the u and v-velocity along the vertical (x = 1/2) and horizontal (y = 1/2) centerlines for the various meshes considered. Also plotted are the results obtained by Ghia et al. [4] and Botella & Peyret [2] . The agreement with the published results is qualitatively appropriate with the overall trend matching the published data. As anticipated, the peak The second test case performed is the 2-D steady laminar Couette flow. The geometry consists of a rectangular configuration with a height of 25µm and a length of 500µm. The specified boundary conditions are a no-slip velocity on the bottom wall, a specified slip velocity on the top wall and a linearly varying inflow velocity at the left boundary with a non-reflective outflow boundary on the right. The mesh resolution is 500 × 25 zones of uniform size. This results in a cell size of ∆x = ∆y = 1 µm. The top velocity is set to U T op = 0.00319328cm/µs, resulting in a Reynolds number of 1000. Since the flow transitions to turbulence at Re = 2000, the laminar regime presides for this test case. A simple analytical solution for the velocity field can be easily derived and is u/U top = y/h. This means that the z-component of vorticity, defined as ω z = ∂v ∂x − ∂u ∂y = −U/h, is constant. The area-weighted spanwise vorticity field is chosen to assess when the flow reaches a quasi-steady state. The criterion is based on a difference of less than 10 −6 between two time instances. Once this is achieved, the results obtained from the simulation are compared to the analytical field. An error for the u-velocity of 4.93 × 10 −9 was obtained. It was seen that the y-distribution of the ω z variation is quite constant along the channel height (as anticipated) with a mean value of −1.2773117 µs −1 comparing quite well with the analytical value of −1.2773108 µs −1 . The L 2 error-norm is computed to be 2.8575287 × 10 −6 . Further, the thermal solver available in ALE3D is activated to verify the accuracy of the temperature field. For the current Couette problem, the steady governing equations for the thermal field consists of the balance between the conductivity term and viscous dissipation as follows:
Hence, the temperature field has the following analytical form:
where φ = µU 2 top /h 2 corresponds to the viscous dissipation, T W all is the prescribed temperature on the top and bottom walls. Similar configuration to the hydro component described above is used where the top and bottom temperatures are set to 950K. Fig. 7 presents the y-variation of the temperature along the height for various mesh resolutions in the y-direction, ranging from 20 to 80 zones. Also shown is the distribution of the analytical field. It is observed the parabolic profile is well captured. Table 14 summarizes the values of the L 2 error-norms at increasing resolution. We determined the formal order of accuracy λ = log E 1 E2 / log ∆y 1 ∆y 2 . Hence, an overall accuracy of λ ∼ 1.9 is achieved for the thermal solver. 
Conclusions
A verification test suite has been assessed with primary focus on rail gun applications. The computational multiphysics framework, ALE3D, is used. The focus of the current study is to provide guidance and 
